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Hemodialyzer: From macro-design to membrane nanostruc- The need to improve outcomes in dialysis therapies is
ture; the case of the FX-class of hemodialyzers. Very few inno- directing clinical research toward epidemiologic studies,
vations have characterized the different components of the randomized trials, and evidence-based analyses to ad-
hemodialyzers in the past 20 years. Most improvements have
dress critical issues. In parallel, there is a continuousconcerned membrane biocompatibility. In this article, we focus
demand for the development of new tools designed toour attention on the most recent advances in hemodialyzer
improve dialysis quality and treatment efficiency. Dial-components from the macro design of the unit to the nanostruc-
ture of the membrane. For this purpose, we took as an example ysis machines and treatment techniques and modalities
the FX class of hemodialyzers (FMC, Bad Homburg, Ger- have undergone significant changes in recent years. How-
many). The studied devices were chosen as an example repre- ever, the structure and design of hemodialyzers havesenting some of the most recent hemodialyzers and are well
seen few changes, being very similar to the state-of-the-suited to describe technical innovations occurring in the field
art of twenty years ago; only minor modifications haveof dialyzer technology. In vitro and in vivo studies were per-
formed to characterize hemodynamic parameters of three mod- been introduced in the last decade [1–6]. In view of this
els (1.4-1, 8, and 2.2 m2) and to determine membrane perme- conservative approach toward the perception and use of
ability, sieving coefficients, and solute clearances. The units the hemodialyzer, higher blood and dialysate flows have
were characterized by a relatively high resistance of the blood
predominantly been employed to improve treatmentand dialysate compartments, leading to an increased internal
performance [7–13], and a need for newer, more efficientfiltration if compared with similar hemodialyzers of other se-
dialyzers has clearly emerged recently. Other issues haveries. Nevertheless, the flow distribution in both compartments
was homogeneous and well balanced. This effect was obtained spurred renewed interest in the design of both the hemo-
by the improved blood and dialysate ports design, the increased dialyzer and the hollow fiber membrane; for example,
packing density of the fibers and a reduction of the inner we can mention the increased knowledge of internal
diameter of the fibers from 200 to 180 m. At the same time,
filtration mechanisms and the increasing usage of on-the sieving coefficients for middle-large solutes such as 2
line HDF.microglobulin and insulin were higher than those observed in
standard high flux dialysers. The same effect was noted for the Most recently, new manufacturing procedures and re-
clearance values of these solutes. This was observed in the fined microanalytical methods have entailed a reevalua-
absence of significant albumin leakage. Theis results were ob- tion of the hemodialyzer from the macrodesign of its
tained thanks to a new nano-controlled spinning technology individual components to the detailed nanostructure ofapplied to the fiber. The innermost layer of the membrane is in
the membrane. In particular, the blood and dialysatefact characterized by a homogeneous porosity, with increased
ports have been critically reevaluated and their designnumber of pores of large dimension but a sharp cutoff of
the membrane excluding albumin losses. In conclusion, new has been optimized. The packing density of hollow fibers
technologies and new diagnostic tools today allow for improve- in the bundle has also been optimized based on new flow
ment in hemodialyzer design from its macro-componets to its distribution analytical approaches. Finally, the structure
nano-structure. The application of nanotechnology to hemodi-
of the fiber has been carefully addressed both in termsalysis will probably contribute to further developments in hem-
of the spinning technology and in terms of the membraneodialyzer manufacturing.
dimensions, structure, and porosity.
The obvious next step is to evaluate whether these
technical innovations have an impact on the hemodia-Key words: nanotechnology, dialysis machine, hemodynamics, biocom-
patibility. lyzer performance and patient benefit. In parallel to clini-
cal studies, in vitro experiments are essential to define the 2002 by the International Society of Nephrology
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Table 1. Technical data of the three dialyzer types studied as was diluted with human plasma to achieve an average
reported by the manufacturer
hematocrit of 30% and a mean plasma protein con-
Property FX60 FX80 FX100 centration of 6 g/dL. A specific circuit equipped with
Effective surface area m2 1.4 1.8 2.2 electronic scaling and digital manometers was used as
Blood filling volume mL 74 95 116 previously described [14]. Data were acquired using com-Ultrafiltration coefficient mL/h.mm Hg 46 59 73
puter-assisted data collection software (Toshiba SatelliteMaximum blood flow mL/min 400 500 600
Housing material Polyolefine pro Laptop with Labview software, National Instruments,
Potting compound Polyurethane
Austin, TX, USA).Sterilisation mode In-line steam
Membrane Helixone The dialysate compartment was connected to the ul-
Fiber wall thickness/inner diameter lm 35/185 trafiltration control system and the removed fluid was
Treatment mode Hemodialysis,
automatically returned into the blood reservoir. Thishemodiafiltration,
hemofiltration permits the batch of blood to remain constant in terms
of volume, composition and viscosity. A continuous on-
line hematocrit measurement was performed (Crit-Line
III; Hemametrics, Salt Lake City, USA), in order to
hydraulic characteristics of the dialyzers under different ensure that the characteristics of the blood in the reser-
operational conditions, their performance in terms of voir were maintained constant over time.
sieving coefficients, and finally, the patterns of flow distri- Each dialyzer was thoroughly washed with 2000 mL
bution in the blood and dialysate compartments. This ar- of heparinized saline solution (5000 IU of heparin/L)
ticle examines the application and validity of the afore- with contant shaking and tapping, in order to remove
mentioned tools and techniques to evaluate the novel particles, residuals, and air bubbles from both the blood
module structure and membrane design features of the and the dialysate compartments. The blood pump (Mul-
new hollow fiber FX-class of dialyzers (Fresenius Medi- timat ICU, Bellco, Mirandola, Italy) was calibrated every
cal Care, Bad Homburg, Germany), containing the ad- three hours and tested for a wide range of flows in order
vanced high-flux polysulfone-based membrane, Helixone. to avoid any error during subsequent measurements.
Flow rates were controlled by an ultrasonic flow meter.
The following measurements were undertaken:METHODOLOGY OF THE STUDY
1) Measurement of hydrostatic pressures at the inletThe study is divided into two parts, dealing separately
and at the outlet of the blood and dialysate compart-with the in vitro and in vivo evaluation of the FX60,
ments at different blood and dialysate flow rates. TheseFX80, and FX100 dialyzer types; these models corre-
measurements were done maintaining zero net ultrafil-spond respectively to 1.4, 1.8, and 2.2 m2 of surface area.
tration.The studied devices were chosen as an example repre-
2) Measurement of the ultrafiltration rate (Qf) at dif-senting some of the most recent hemodialyzers and are
ferent hydrostatic pressures in the presence of bloodwell suited to describe technical innovations occurring
flows of 300 mL/min. These measurements permit anin the field of dialyzer technology. The technical data
evaluation of the real ultrafiltration coefficient of theconcerning the three studied hemodialyzers are reported
device (DKf) in presence of blood. Because the DKfin Table 1.
function may not be linear due to concentration polariza-
In vitro study tion phenomena at high filtration rates, the values
achieved at low filtration rates and low TMP were takenThe hydraulic properties of the dialyzers were studied
in vitro by using heparinized human blood. The hydraulic as a reference to establish membrane permeability coef-
ficient (mKf) in the absence of significant concentrationflow resistance, the pressure drop in the blood compart-
ment, and the hydraulic permeability were determined polarization (linear portion of the function mKf  Qf /
TMP).under a wide range of experimental conditions. Each
study was carried out on three dialyzers of the same 3) Measurement of the solute-sieving coefficients.
Sieving measurements were performed by collectingmodel; at least three measurements were done for each
dialyzer type studied. blood and ultrafiltrate samples during isolated ultrafil-
tration after 10 and 120 minutes from the beginning ofThe in vitro sieving coefficients for various solutes
were determined under pure ultrafiltration conditions in the session. The sieving coefficients were calculated by
the ratio between the concentration of the solute in theorder to avoid any interference because of effects of
diffusion. ultrafiltrate and that in the plasma, in absence of gradient
for diffusion (with adequate correction for the concentra-The studies were performed with thermostated human
blood (37C) taken from health volunteers. The blood tion in plasma). Albumin, creatinine, and uric acid were
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II. Computer enhanced image analysis. Computer-en-measured with a simultaneous 24-channel auto-analyzer.
hanced imaging analysis (CEIA) techniques were ap-Inulin and 2-microglobulin were determined with the
plied to the TEM images in order to obtain some moreclassic colorimetric and immunochemoluminescence (im-
quantitative information about the pore structures, par-munolite 2000 DPC, USA) methods, respectively.
ticularly in those regions where the pores are significantly4) Flow dynamic studies were carried out by dye injec-
smaller than the thickness of the ultramicrotome cross-tion in the blood and dialysate compartments. The analy-
section. TEM images were therefore analyzed using asis of the blood and dialysate flow distribution was car-
computer image analysis system to ascertain the intensityried with a spiral CT scan according to the method
profiles that indicate the relative measure of the degreerecently published [14–20]. An electronic measurement
of porosity of the thin, innermost, separating region ofof the velocity profiles both in blood and dialysate com-
the membrane as well as providing an indication of thepartments was then conducted on the reconstructed se-
morphology of the pores in that region. As certain factorsquential images. A quantitative evaluation of blood and
could influence the evaluation of the TEM-imaging datadialysate flow regional velocities can be done with this
(such as sample preparation, exposure and developmentmethod. Regional velocity is generally analyzed in a 10-
of the film, and the digitization with a scanner) and affectmm wide region of the longitudinal section obtained by
the intensity distribution of the images to introduce po-the scanner. Because the session is 10 mm thick, the
tential arbitrariness of the measurements, the followingregional flow corresponds to a cross-sectional area of 10
criteria were applied to minimize the risk of misinterpre-mm2 in the bundle. Optimal design of blood and dialysate
tation of the data:compartments are expected to lead to homogeneous flow
distribution and minimal discrepancies among local ve-
(a) Sample preparation was carried out uniformly andlocities in different regions of the compartments. A spe-
systematically to ensure that all the ultra-micro-cial analysis was conducted with the 1.8 m2 dialyzers
tome membrane cross-sections achieved a thick-using blood with hematocrit adjusted at 25% and 40%.
ness of 200 nm; the effect of minor deviations from
This allows the determination of the adequacy of the
this size must nevertheless be taken into account.
blood port to operate under different conditions of he- (b) The brightest area of the membrane (“white
matocrit and blood viscosity. level”) was defined from that part of the image
5) The innermost structure of the membrane (Helix- where no membrane material (i.e., polymer) was
one) was analyzed utilizing the following experimental present. The corresponding value for the intensity-
methods as recently described [21, 22]: level was adjusted and assigned a value of 250 for
I. Transmission Electron Microscopy. For transmission all samples.
electron microscopy, the membrane sample was first em- (c) The other extreme of the scale, i.e., the “black”
bedded in an appropriate stabilizing medium. For He- or dark regions indicating the presence of the
lixone, the conventional acyrlate resin medium cannot membrane polymer, was defined using an unex-
be used as it causes morphological alterations of the posed area of the negative and calibrated with an
sample. Cryo-preparation method was selected instead. intensity level of 0. Thus, by determining the var-
The membrane was introduced to a suitable medium ious shades of intensity levels between the “white”
and subsequently cooled in liquid nitrogen. The ultra- regions (indicating the presence of the open
thin samples were subsequently prepared at these low spaces, i.e., pores) and dark regions (indicating
temperatures, and upon warming to room temperature, the presence of the polymer material) on this scale
the liquid “cryo embedding medium” could be removed (250–0), the relative degree of porosity and struc-
easily. Sample sections with thickness of 200 nm were ture of the membrane could be ascertained quanti-
obtained at the ultra-microtome for the detailed analysis tatively.
of the pore structures and geometry. This thickness of (d) The visual qualitative information derived from
the samples provides mechanically stable sections as well the TEM images was additionally used to support
as access to the innermost regions of the separation layer; the CEIA evaluations, independent of the quanti-
the thickness of the cross-section is thus crucial for the tative values obtained by these measurements. This
analysis of the local membrane porosity and visualization ensured that the quantitative CEIA data were in-
of the pores. If the thickness is too large, it is impossible terpreted with the guidance of visual microscopic
to resolve the small pores; if, however, the thickness of evaluation, in view of the issues discussed above.
the cross-section is too small, larger pores would appear
only as extended white areas without any polymer. A After digitizing the negative (using a negative scanner)
direct comparison of the pore structures is thus valid at a resolution of 600 pixel per inch, the white-to-dark
only if images have been obtained from samples with intensity level profiles were recorded. The local intensity
level of each TEM image was determined by an integra-the same thickness of ultra microtome-sections.
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tion of adjoining lines, each with a width of one pixel, Clearances were determined for urea, creatinine,
running parallel to the membrane surface (i.e., verti- phosphate, inulin, and beta-2-microglobulin. Clearance
cally). For each of these lines, the mean value was deter- calculation was made both in the blood and the dialysate
mined and plotted versus the distance of the particular side only permitting a maximum of 5% mass balance
line from the membrane inner surface. The beginning error. Formulas previously described were used for the
of the membrane was determined by the slope of the calculations [14]. Hematocrit was measured before and
intensity region from around 250 (white, lumen region after each session enabling the calculation of plasma
of the membrane where there is no polymer) to the dark flow rate from the set blood flow and correction for
polymer region. hemoconcentration of beta-2 microglobulin values. For
III. Field-emission scanning electron microscopy. The creatinine, inulin, and beta-2 microglobulin clearances,
fine structure of the new Helixone membrane was de- plasma flow was used instead of blood flow.
termined by means of scanning electron microscopy. Un- HDF study. HDF featured 9 liters reinfusion deliv-
like standard SEM imaging, Field-Emission Scanning ered by a pump in postdilutional mode according to
electron microscopy (FE-SEM) has the advantage that the programmed ultrafiltration and patient weight loss.
low acceleration voltages can be used to provide higher Clearance studies were performed with the same param-
resolution images with significantly reduced imaging arti-
eters used for hemodialysis.
facts and causes minimal sample damage during the elec-
On-line HDF study. HDF featured 15 liters reinfusiontron bombardment of the test sample surface. Both these
provided in three-liter bags and delivered by a pump inaspects are of considerable importance for the visualiza-
post-dilution mode according to the programmed ultra-tion and assessment of the detailed structures of porous
filtration and patient weight loss. Clearance studies weremembranes.
performed with the same parameters used for hemo-A high-resolution a field-emission scanning electron
dialysis.microscope was used in these investigations at an acceler-
Isolated ultrafiltration study. Sieving studies were per-ation voltage of 5 kV. Cross-sections of the test mem-
formed in three sessions of isolated ultrafiltration wherebranes freeze fractures using liquid nitrogen were pre-
samples of plasma and ultrafiltrate were collected. Thepared, and the samples coated with a thin metal overlayer
programmed ultrafiltration was equal to the patientthat provided an electrically conductive surface for the
weight loss and an average treatment duration of 180SEM imaging.
minutes was scheduled. Solute-sieving coefficients were
In vivo study measured at 10 and 120 minutes from the beginning of
the session. The same solutes studied in vitro were uti-Solute clearances were studied in hemodialysis, 9 liters
hemodiafiltration and 15 liters on-line hemodiafiltration lized as marker molecules for the in vivo study.
sessions at various blood flows on the selected dialyzer Solute-sieving coefficients were calculated from the
models. Furthermore, solute sievings were investigated formula:
in sessions of isolated ultrafiltration. Special care was
S  Cuf/[(Cpwart  Cpwvein)/2]given to albumin losses in different operational condi-
tions. where Cuf is the concentration of the solute in the ultra-
Hemodialysis study. Dialyzers were tested in hemodi- filtrate, Cpwart is the concentration of the solute in
alysis sessions carried out with dialysis machines equipped plasma water in the arterial line, and Cpwvein is the
with ultrafiltration control and on-site preparation of concentration of the solute in plasma water in the venous
bicarbonate dialysate. Considering the high ultrafiltra- line. Concentration in plasma water was obtained from
tion coefficient of the dialyzer and the relatively low
plasma concentration, correcting by the factor (100-TP)/
scheduled weight loss of the patients, the treatment
100 where TP was the total protein concentration inshould be more precisely defined as high-flux dialysis.
plasma.At the rate of ultrafiltration scheduled and at the set
In all sessions, patient well-being and possible adverseblood flows, a certain amount of back filtration is inevita-
reactions were recorded in a special flowchart. A stan-ble. Thus, the amount of convection present certainly
dard heparin infusion was given, utilizing the dosageexceeds the amount of net ultrafiltration observed during
normally prescribed to the patients. The final aspect oftreatment. Clearances studies were performed after cali-
the dialyzer was analyzed after rinsing with saline solu-bration of the blood pump at 250, 300, and 350 mL/min
tion and restituting the blood to the patient. The externalof blood flow. Dialysate flow rate was set at 500 mL/
aspect of the fibers and of the blood ports was carefullymin. Ultrafiltration was maintained equal to the patient’s
examined.weight loss. For these sessions, 4008S hemodialysis ma-
Patients were completely informed and gave informedchines (Fresenius Medical Care, Bad Homburg, Ger-
many) were utilized. consent to the study.
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of a fairly constant value for the venous pressure, the
resistance of the device in the blood compartment is
described by the difference between the inlet and the
outlet pressures. In particular, the end-to-end pressure
drop increases with the progressive increase of blood
flow. In spite of the reduced inner diameter of the hollow
fibers, the resistance of the devices is not dramatically
higher than in other devices with similar surface area
or characteristics. It is therefore likely that the cross-
sectional area may have been optimized, playing with
the density of the hollow fibers and their total number.
Since the devices have the same length, it is logical that
the lower resistance is observed in the models with the
higher surface and cross-sectional area. This allows a
safe and effective use of the devices in the presence of
high blood flows as in the case of high efficiency dialysis
treatments. The pressure drop recorded in the experi-
ments is comparable to those predicted by the Hagen -
Poiseuille Law. Based on the observed resistance pat-
tern, high blood flows are mostly recommended with
the larger dialyzer where the maximal utilization of the
available surface area can be achieved and a better per-
formance both in terms of ultrafiltration and in terms of
solute clearances can be expected. With 1.4 m2, blood
flow ranges should be set according to the clearance
curve: A minimum blood flow of 250 mL/min is strongly
advised, whereas the optimal performance should be
reached between 300 and 350 mL/min.
With the 1.8 m2 model, blood flows as high as 350 mL/
min can be usefully employed to increase clearance and
performance in general. Finally, with the 2.2 m2 model,
blood flows higher than 400 mL/min are definitely re-
quired to exploit the maximal advantage of such surface
area, and this can be safely done without major problems
of resistance.
On the other side, a significant increase of the inlet-
to-outlet pressure could be observed in the dialysate
compartment in comparison with other hemodialyzers
of similar surface area. This may reflect a reduction of
the dead spaces and an increased packing density inside
the filter case (Fig. 2). The increased resistance of the
dialysate compartment might also have an effect on the
relative amounts of proximal filtration and distal back
filtration occurring in the dialyzer at a given blood and
dialysate flow condition. This effect results in an in-
Fig. 1. End-to-end pressure drop derived from direct inlet and outlet creased internal filtration with improved removal of mid-
hydrostatic pressure measurements in the studied hemodialyzers at dle molecular weight solutes from increased convectivedifferent blood flows. Symbols are: () inlet; () outlet.
transport.
Dialyzer and membrane ultrafiltration coefficient (Kf)
IN VITRO RESULTS The rate of ultrafiltration measured in the three differ-
Hydrodynamic resistance of blood and ent dialyzers was different and proportional to the device
dialysate compartments surface area. In detail, we could calculate an average
ultrafiltration coefficient (DKf) of 39.1 mL/h  mm HgThe resistance of the blood compartment in the three
studied dialyzers is described in Figure 1. In the presence for the FX60, of 50.4 mL/h  mm Hg for the FX 80,
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and of 59.5 mL/hmm Hg for the FX100. These values,
if normalized for the surface area of each device, result
in an average membrane ultrafiltration coefficient of
27.7  2.4 mL/h  mm Hg/m2.
This value is in general accordance with reported tech-
nical data of the filters. However, it should be noted that
the various conditions under which the measurements
are made influence the data obtained and may explain
the deviation from data sheet specifications. The ultrafil-
tration capabilities of a dialyser type cannot sufficiently
be described by a single ultrafiltration coefficient value
as normally specified in product data sheets: A single
dialyser type may be assigned several values for the ultra-
filtration coefficient, depending on the TMP, blood flow
(QB), and the methodology used. In addition, in this
study we measured an average value over the first two
hours of use, and the small but present decay of perme-
ability of the membrane over time might have affected
the average value of its Kf.
The ultrafiltration curve naturally reaches a plateau
at about 300–350 mm Hg of TMP. The plateau is depen-
dent on the concentration polarization phenomenon and
the boundary layer of proteins. As a consequence, the
measurement of the ultrafiltration coefficient may lead
to erroneous values if it is calculated at different points
of the ultrafiltration curve. As a standard procedure, we
calculated the Kf in the region of TMP  100 mm Hg
at 300 mL/min of blood flow (Fig. 3). Under such condi-
tions, blood flow and concentration polarization or mem-
brane surface area should not represent a limiting factor
and the function Kf  Qf /TMP is in the linear range.
In vitro sieving coefficients for various solutes
Solute-sieving coefficients appear to be in the tradi-
tional range of high-flux membranes, although a higher
sieving is definitely observed for inulin and beta-2 micro-
globulin. This increased sieving for the larger molecules
does not affect the sieving value for albumin that results
in the range between 0.001 and 0.01. Another important
observation concerns the maintenance of the sieving val-
ues over time. It is in fact evident from Figure 4, that
sieving coefficients for various solutes do not vary sig-
nificantly after two hour of usage of the membrane either
in vitro or in vivo.
Flow-dynamic study by contrastographic analysis
The flow distribution study was carried out in the three
dialyzers analyzing both the blood and the dialysate com-
partment. As previously described, the flow distribution
Fig. 2. Pressure drop in the dialysate compartment of the studied hem- curve is analyzed at a given point along the length of
odialyzers measured at 500 and 800 mL/min of dialysate flow rate.
the dialyzer in a specific region of interest (ROI). The
density profile generated by the distribution of the dye
in the blood or dialysate compartment describes the flow
condition in the selected ROI. If subsequent ROIs are
selected at a given distance, relative velocity of flow can
Ronco et al: FX-class of hemodialyzersS-132
be calculated for a specific region within the dialyzer. In
Figure 5, a typical densitometrical analysis of a specific
ROI is depicted as an example. In panels A and B, the
flow distribution curve is magnified using a detailed di-
mensional scale. A very homogeneous distribution is dis-
played in this image. In C and D the profiles of density
in the blank filter and in the injected filter (at 40 s)
are depicted with the standard magnification scale. The
similar profile of the blank image and the injected image
suggest that no major alterations in flow distribution are
present. The images concerning flow distribution in the
blood and dialysate compartment of the three studied
hemodialyzers are reported in Figure 6. A very homoge-
neous distribution is observed for the whole dialyzer
series, both in the blood and in the dialysate compart-
ment. This of course makes the contact of the countercur-
rent flows with the membrane more homogeneous and
effective.
A specific analysis carried out in the blood compart-
ment of the FX80 dialyzer evidenced no significant dif-
ferences when blood with high (40%) or low (25%) he-
matocrit perfuses the filter. This results in minimal
differences in blood flow velocity per fiber between the
center and the periphery of the bundle. The same effect
is reproduced for the velocity gradient at the blood mem-
brane interface otherwise known as wall shear rate
(Fig. 7).
Anatomical study of the membrane
Figure 8 depicts the structure of the fiber and the most
internal skin layer. In detail, in Figures 9 and 10 we
present the structure of the innermost separating region
of the Helixone membrane as demonstrating the con-
trolled structure of the membrane at the nanoscale level,
made possible by incorporating diverse membrane-man-
ufacturing-related refinements.
CEIA analysis of TEM-Images: Nanostructure details
of the separation layer. The details of the fine membrane
structures of Helixone achieved by analysis of the high-
magnification TEM-images are shown in Figure 9. The
TEM micrograph shows that gray regions beginning
from the innermost lumen side (within the first 1000 nm,
i.e., 1 m) zone of the membrane become increasingly
brighter and larger in size toward the membrane interior.
These gray areas depict the presence of systematically
distributed porous structures that gradually increase in
size toward the interior of the membrane. Similar find-Fig. 3. Ultrafiltration coefficients Kf derived for the studied hemodia-
lyzers from the relationship between ultrafiltration and transmembrane ings are observed also on the SEM micrograph (Fig. 10).
pressure. Abbreviations are: Qb, blood flow; Qf, ultrafiltration rate; DKf, A quantitative confirmation of the visually observed
hemodialyzer ultrafiltration coefficient; mKf, membrane ultrafiltration
structures of Helixone (by TEM and FE-SEM) wascoefficient; normalized per square meter.
achieved by computer imaging analysis techniques. The
intensity level profiles of the membrane from the inner-
most surface of the membrane to a distance of 1.0 m
(1000 nm) are superimposed on the TEM image in
Figure 9. The curve represents the membrane polymer
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Fig. 4. Solute-sieving coefficients measured
in vitro and in vivo. 10 min (cross-hatch box);
120 min (gray box).
density, or the local porosity, in the region of the mem- IN VIVO RESULTS
brane that is crucial in defining the separation properties The results obtained in high-flux dialysis display a re-
(i.e., the sieving properties, as quantified by the value of markable optimization of the countercurrent configura-
the sieving coefficient of individual marker molecules) tion with excellent clearances for the small molecules
of any particular dialysis membrane. Once the solutes (Fig. 11). In the figure, the clearances of urea, creatinine,
have traversed this region, their passage through the phosphate, inulin, and beta-2 microglobulin are reported
remainder of the membrane proceeds relatively unhin- for the three studied dialysers at different blood flows
dered as the pore sizes thereafter are considerably larger and in the different treatments (high-flux dialysis, HDF
than the size of the solutes normally removed during
with 9 liters exchange, and on-line HDF with 15 litersdialysis.
exchange). In particular, urea clearances are influencedThe intensity profile of Helixone is characterized by
by variations of blood flow and surface area but veryan immediate and steady increase in the local porosity
little by the increase in convective transport provided(i.e., showing less polymer) from the thin, polymer-dense
by HDF and on-line HDF. Interestingly enough, evenregion (50 nm) to a membrane penetration depth of
large amounts of convection do not interfere negativelyabout 1000 nm. This is shown by the slope of the curve
with the diffusion process of small molecules. This is aand the minimal scatter of the intensity on the y-axis and
demonstration that stagnation layers are avoided in themeans that there is an easier flux of solutes with less re-
dialysate compartment, and that, even in the presencesistance in this critical region of the membrane. Visual ex-
of high ultrafiltration rates, the effect of dialysate lavageamination of the appropriate FE-SEM and TEM-images
on the external part of the fibers is still remarkable.confirms the computer image analysis, emphasizing the
The same observation can be made for creatinine andcontrolled distribution and gradually increasing of poros-
ity toward the membrane interior for Helixone. phosphate, although an increasing importance of convec-
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Fig. 5. Example of flow distribution analysis. In the upper panels (A, B), the flow distribution analyzed at the level of the region of interest (ROI)
is described by the curve in a magnified scale. The same analysis is depicted at a standard magnification scale in panels C and D, and it shows
similar patterns for the empty hemodialyzer and the hemodialyzer filled with dye.
tion can be demonstrated. Finally, for larger solutes such interesting aspect concerns the albumin losses in the
different treatments. Albumin loss varied from 0.43 as inulin and beta-2 microglobulin, the effect of convec-
tion is clearly demonstrated. In fact, the highest clear- 0.17 grams per session in high-flux dialysis with the three
different dialysers, to 0.75  0.36 grams per session inances at a given blood flow and surface area are always
obtained with the highest amount of ultrafiltration. An on-line HDF. The bulk of this negligible albumin loss

Fig. 6. Flow distribution analysis in the three studied hemodialyzers. On the left panels, the flow distribution in the blood compartment is depicted.
In the right panels, the flow distribution in the dialysate compartment is shown. The image sequence in each panel corresponds to the example
reported in Fig. 5. Again, a slight difference in flow velocity seems to be present in the dialysate compartment at very high resolution scale, but
when the study is carried out at a standard magnification scale, the distribution of flow appears to be remarkably uniform.
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Fig. 7. Flow distribution analysis in the FX 80 hemodialyzer, studied in vitro with human blood adjusted at 25% and 40% hematocrit, respectively.
The flow distribution curve is reported both with the magnified and the standard scale. The table below the two images describes the various flow-
dynamic parameters in the two conditions. No significant changes are induced by the increase in hematocrit from 25% to 40%.
for the FX dialyzer series occurs in the first hour of brane performance and biocompatibility. Until now, the
dialyser as a whole was not regarded as a target to im-treatment. This is a very important observation that con-
firms how the membrane is restraining the flux of albu- prove performances of the therapy; thus, very little effort
was invested in improving the macro-design of hemodia-min in spite of a remarkably improved sieving coefficient
lyzers as far as blood and dialysate ports, bundle config-for molecules in the medium-large molecular weight
uration, and spectrum of materials utilized for the con-range.
struction of the whole device were concerned.In the right side of Figure 4, the sieving coefficients
In this article, we focus our attention on the mostrecorded in isolated ultrafiltration are reported at the
recent advances in these hitherto neglected fields. Inbeginning and after 2 hours of treatment. The effect of
particular, with the aid of new and accurate analyticaltime is negligible and the sieving values are close to those
and diagnostic tools, we have been able to characterizemeasured in vitro. In particular, an excellent permeabil-
the overall hemodialyzer with greater accuracy and de-ity is observed for beta-2 microglobulin.
tail. As the new FX-class dialyzer series is equipped not
only with a novel new Helixone membrane, but is also
DISCUSSION integrated among the most modern technological design
Developments or improvements of hemodialyzers in features ever applied to hemodialyzers, we used these
hemodialyzers as an example to assess performance im-the past years have traditionally focused mostly on mem-
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Fig. 8. Electronic microscopy of the Helix-
one hollow fiber with relative dimensional
parameters.
provements with the new analytical tools that are avail- section of the fiber bundle. This excellent and homoge-
neous distribution is the consequence of an optimizedable.
As displayed in Figure 12, three major points are a blood port and a well-designed spatial distribution of
the fibers in the potting area. The benefits are consistentmatter of innovation in the FX-class of hemodialyzers:
1) the blood ports, 2) the body of the filter including the in the different models, and they are made even more
evident by the homogeneous flow distribution observeddialyser housing and the fiber bundle (comprising the
Helixone membrane), and 3) the dialysate compart- in high hematocrit and high blood viscosity experiments
[23].ment and ports.
The blood ports have been designed such as to distrib- The other innovation concerns the dialysate entrance
and pathway. The dialysate port is designed to achieveute the blood in a spiral configuration via a tangential
blood flow entrance in the potted fiber region compart- an even distribution of the in-flowing dialysate from the
very early portion of the hemodialyzer. This is ensuredment of the dialyzer. This, together with a specific ring
seal, allows the dead spaces to be reduced to a minimum by the original pinnacle structure described in the lower
panel of Figure 12. As demonstrated by the homoge-and reduces further the blood trauma normally associ-
ated with the entry of the blood into the dialyzer. This neous distribution of the dye injected in the dialysate
compartment, the compartment is definitely well per-has been shown to be of great advantage by the flow
distribution studies carried out with the helical scanner. fused and the flow is homogeneously distributed. No
major discrepancies in flow velocity are detected fromIn particular, no significant differences in regional veloc-
ity and wall shear rate could be observed in the cros- the periphery to the central region of the bundle. This
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Fig. 9. Transmission electron micrograph of in-
nermost region of Helixone together with the
computer image analysis intensity profile, show-
ing the high and increasing local porosity in the
separating region of the membrane.
Fig. 10. Scanning electron micrograph of the
innermost region of Helixone, showing the
thin inner membrane structure having high
porosity.
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Fig. 11. Solute clearances in the three studied
hemodialyzers. Blood flow conditions were 250–
300 and 350 mL/min. Dialysis conditions were
high flux dialysis, HDF (9L), and on-line HDF
(15L). Hemodialysius (black box); HDF (cross-
hatch box); on-line HDF (dot-shaded box).
is also due to the specific micro-undulation of the fibers proved effect on countercurrent flow conditions. In these
circumstances, a sparing effect on the quantity of usedthat avoids dead zones and channeling phenomena in the
dialysate compartment. The increased packing density dialysate can be obtained achieving similar clearances
in the presence of dialysate flows lower than usual. The(60% vs. standard 45%), and the increased ratio between
the bundle volume and the internal volume of the case accelerated dialysate flow is paralleled by an increase
in the average blood velocity per fiber caused by thereduces the dialysate compartment priming volume and
increases its flow-dynamic resistance. This results in an reduction of the internal diameter of the fiber from 200
to 185 m. This results in an increased wall shear rateincreased average velocity of the dialysate with an im-
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Fig. 12. Schematic representation of the three
innovative components of the FX-class hemo-
dialyzers. Top panel depicts the peculiar blood
port and potting structure; middle panel de-
scribes the micro-ondulation of the fibers in
the bundle; bottom panel depicts the special
dialysate entrance with the “pinnacle struc-
ture.”
with reduction of boundary layer formation at the blood- of diffusion. The latter factor is enhanced by the in-
creased relative resistance of the blood and the dialysatemembrane interface. Again, the diffusion distance is re-
duced and the optimal gradient for diffusion is main- pathways. The increased resistance to blood and dialy-
sate in fact increases the positive hydrostatic pressuretained at all times. The effect of these modifications
are confirmed by the values of the clearance for small gradient in the proximal portion of the hemodialyzer
and enhances the negative pressure gradient in the distalmolecules. Urea and creatinine in fact are the molecules
that mostly benefit from an improved diffusion path. But part. This results in increased fluxes of proximal filtration
(carrying an improved removal of larger molecules) andnot only small molecules are efficiently removed in this
hemodialyzer; middle- to large-molecular weight solutes distal back filtration [24–26]. For this reason, middle–
large molecules not only are removed in HDF and on-are also removed efficiently through both the high per-
meability of the membrane itself and the increased rates line HDF, but they are also efficiently removed in hig-
flux dialysis where a significant amount of convection isof internal filtration. The former is demonstrated by the
sieving values observed in vitro and in vivo in the absence masked by a remarkable amount of back filtration. Of
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course, the purity of the dialysate is a must in this condi- This article describes the process of improving dialysis
efficiency, focusing on the diverse individual componentstion, although it must be noted nowadays that ultrapure
dialysate is state-of-the-art practice and its implementa- of the complete device, namely, the macro-design of the
dialyser together with the membrane structure at nano-tion does not normally represent a problem [27–29]. Fur-
thermore, the Helixone membrane of the FX-class of scale level.
The avenue is now open for further developments,dialysers has extremely high endotoxin retention capa-
bilities (similar to the now commonly regarded Fresenius and the options for further improvements are numerous
[30]; the possibility of making a careful selection of thePolysulfone membrane standard).
A few other considerations should be made on the membrane and the hemodialyzer are also linked to elec-
tronic information [31]. The new diagnostic and manu-material that composes the filter case. For the first time
polypropylene is utilized with enormous advantages in facturing tools will definitely contribute to the coming
generations of hemodialyzers, and the application of na-terms of weight reduction and easy filter disposal. Steril-
ization is done by steam with results that are perfectly notechnology to the field of hemodialysis definitely rep-
resents one of the most promising aspects [32].compatible with the materials utilized for the construc-
tion of the hemodialyzer.
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